To elucidate the mechanism of catalytic activity of metal surfaces on the reaction of hypophosphite ions, which act as a reducing agent for electroless deposition, molecular orbital interactions between hypophosphite ions and metal surfaces were analyzed using density functional theory. Pd (111) and Cu (111) were chosen as the surfaces with high and low catalytic activity, respectively. The electronic states of adsorption systems were analyzed using the Mülliken population analysis. The position of the d-band plays a key role in determining the catalytic activity on P-H bond cleavage of hypophosphite. The Pd surface has a d-band near the Fermi level and contains a vacancy; this enables the donation and back-donation effect to occur on the adsorbed hypophosphite and promotes P-H bond cleavage. On the other hand, the Cu surface has a d-band in the deep energy area and contains no vacancy; the donation and back-donation effect is not induced and P-H bond cleavage is not promoted. This difference in the degree of promotion of P-H cleavage is responsible for the difference in the catalytic activity on P-H cleavage and dehydrogenation of hypophosphite ions, which in turn explains the difference in the catalytic activity during the entire hypophosphite oxidation process.
Introduction
Electroless deposition is a plating technique that is widely used in industry fields such as electronics and mechanics. Recently, much focus has been placed on its use as a powerful method to fabricate nanostructured functional metal thin films.
14 Because this technique does not use an electric power source but instead relies on reduction reactions on metal surfaces for electron supply, regulating the behavior of the reducing agent is one of the key issues involved in the fabrication of very fine metal thin films. 5 Furthermore, a detailed understanding of the catalytic activity of metal surfaces on reduction reactions is required to propose more adequate deposition bath systems. Although the catalytic activity of metal surfaces is seen in the results of interactions between surfaces and adsorbates, 610 observing and understanding such a chemical interaction directly are often difficult through experimental procedures. Therefore, we have analyzed it using a quantum chemical analysis that is useful for understanding the reaction mechanisms of reducing agents. 11, 12 Several theoretical analyses of reaction mechanisms of reducing agents such as hypophosphite ions, 13 dimethylamine borane, 14 formaldehyde, 15 and others 16, 17 have been carried out. In particular, our previous study 18 revealed the catalytic activity of metal surfaces in each elementary step of the hypophosphite ion reaction from a molecular level. These elementary steps are (i) adsorption, (ii) dehydrogenation, and (iii) oxidation with hydroxyl group attack. 1921 In this previous study, we showed that the catalytic activities of metals on the hypophosphite ion reaction are primarily dependent on the dehydrogenation step; 18 dehydrogenation on metal surfaces with strong catalytic activity on the oxidation of hypophosphite, such as a Pd surface, must overcome only a small energy barrier to proceed, whereas dehydrogenation on surfaces with little catalytic activity, such as a Cu surface, is too destabilized to proceed. Our further analysis indicated that orbital interaction between hypophosphite and the metal surface in the adsorption step plays a critical role in initiating the dehydrogenation. 22 However, the origin of such orbital interaction has not yet been clarified. While the complicated process of electroless deposition has several critical factors from macroscopic viewpoint, such as bath condition and temperature, it is at first necessary to focus on the effect of each factor from microscopic viewpoint. In the present work, we analyze in detail the orbital interaction between adsorbed hypophosphite ions and metal surfaces as a primal factor, and we propose one of the factors that determine the catalytic activity of metal surfaces on P-H cleavage.
Computational Methods
Because Pd and Cu surfaces exhibit completely different catalytic behaviors in hypophosphite reactions, these were chosen as the adsorption fields in this present work. More specifically, Pd surfaces display strong catalytic activity on hypophosphite reactions, whereas Cu surfaces show only weak activity. 23 Hence, comparing the reaction on Pd with that on Cu allows the identification of factors that determine their catalytic activity.
A cluster model containing 10 atoms and 1 layer was used for modeling each metal surface. Although a cluster of 10 atoms is much smaller than the actual metal surface, it is sufficient to show enough of the catalytic tendency to allow a thorough analysis. 13 Moreover, this cluster size is often proved to be an adequate chemical model, especially when small adsorbates are considered. 24, 25 The optimized adsorption structures of adsorbates on surfaces are generally considered to be approximately independent of the size of the cluster model, whereas the energy values of the adsorption system do vary with the size. This means that the molecular orbital that is sufficient to accurately identify the characteristics of orbital interaction should be generated even for a small surface cluster. Therefore, such a cluster model is appropriate to meet our objective of analyzing the interaction between hypophosphite and metal surfaces. The lattice constants of Pd and Cu are fixed at 3.891 and 3.615 ¡, respectively. Because solvent effects do not affect the relative characteristics of reaction behaviors, 12 we disregarded any solvent molecules around the cluster model. Some other factors also support this approximation, for example, adsorption energies of water molecule. Adsorption energies of water molecule on Pd (111) and Cu (111) were calculated by Phatak et al. to be ¹2.9 © 10, and ¹2.1 © 10 kJ/mol respectively. 26 Meanwhile, adsorption energies of hypophosphite on Pd (111) and Cu (111) were calculated in our previous study to be ¹84.09, and ¹49.36 kJ/mol respectively, 18 which are larger than those of water molecule. Therefore, water molecules thermodynamically have little influence on the adsorption of hypophosphite ion. In addition, since dielectric constants of water molecules at the interface should be extremely low, 27 water molecules at the interface should have little influence on the fundamental electronic states of interaction at the interface.
The 6-31G** basis set was assigned to P and H atoms. The 6-31+G** basis set was assigned to the O atom. 28 The basis set with effective core potential as proposed by Hay and Wadt was used for the expression of orbitals in Pd and Cu. 29 Calculation of molecular orbital coefficients and geometrical optimization were performed using the density functional theory (DFT) calculation systems implemented in the Gaussian 03 package. 30 The hybrid B3LYP functional 31, 32 was used in this DFT calculation. Molecular orbital interaction was examined using the following equations, which are based on the Mülliken population analysis theory.
In the equations above,
, and ¼ ads ® represent the molecular orbitals of the adsorbing system, metal surfaces, and adsorbate, respectively. In this study, the metal surfaces are Pd and Cu, and the adsorbate is a hypophosphite ion. C A is a coefficient of each molecular orbital. º i is the atomic orbital and C 0 i is the coefficient of the atomic orbital. N sfc A and N ads ®A are electron numbers that refer to the surface orbital and adsorbate orbital respectively within the A th molecular orbital in the adsorbing system. According to this definition, each electron that is distributed to each molecular orbital of the adsorbing system would be projected onto each molecular orbital of the surface and adsorbate. Electron distribution in each molecular orbital was also calculated using Mülliken population analysis. Population between atoms I and J of the adsorbate in molecular orbital ®, defined as N IJ® , was calculated according to Eq. (6) .
Results and Discussion
Adsorption structures of hypophosphite ions on Pd and Cu surfaces were optimized and are shown in Fig. 1 . The optimized parameters are shown in Table 1 . Two obvious distinctions between these two cases are seen. The first is P-H distance; hypophosphite on the Pd surface has a larger P-H distance than that on the Cu surface. The other is H-metal distance; the H-Pd distance is much smaller than the H-Cu distance. From these results, we can conclude that when hypophosphite is adsorbed onto a metal surface with strong catalytic activity on oxidation, such as Pd, it is already prepared to dehydrogenate. Therefore, the interaction between hypophosphite and the Pd surface in the adsorption state is responsible for the catalytic activity of Pd. Of greatest importance is that although hypophosphite ion elongating its P-H bond on Pd, which is called a "distorted hypophosphite," is calculated to be stable on the Pd surface, it is not stable on the Cu surface. In other words, the strength of catalytic activity on P-H bond cleavage is significantly Electrochemistry, 80(3), 126131 (2012) related to the stability of the distorted hypophosphite on metal surfaces. To elucidate the origin of the stability of the distorted hypophosphite, interaction between the distorted hypophosphite and metal surfaces was investigated in detail and is described below.
To investigate the effect that the metal surface has on distorted hypophosphite, electronic states of distorted hypophosphite adsorbed onto each metal were analyzed. The Mülliken population values of each molecular orbital (MO) of distorted hypophosphite on metal surfaces are listed in Table 2 . Population values of occupied MOs before adsorption are 1.00, and those of virtual MOs before adsorption are 0.00. From the table, we can see that the greatest differences between the case of Pd and Cu are the values of their frontier orbitals, i.e., the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO). On the Pd surface, large amounts of electrons are transferred from the HOMO to the surface, and a portion of them are transferred into the LUMO. In other words, the donation effect on the HOMO and the back-donation effect on the LUMO occur obviously on the Pd surface. On the other hand, on the Cu surface, these donation and back-donation effects are much weaker than those on the Pd surface. Because the electronic states of the HOMO and LUMO orbitals significantly affect the stability of adsorbents, these frontier orbitals should be analyzed in great detail. Table 3 shows the population distributions of each MO. Because distorted hypophosphite contains 20 valence electrons, 10 occupied orbitals, including the HOMO, were studied and are listed along with the LUMO. Interestingly, only the LUMO has a negative value of overlap population between P and H (¹2.11), which indicates that the LUMO is the only orbital with obvious orbital nodes between P and H. Considering this structure of the LUMO, electron transfer into this orbital should effectively induce P-H bond cleavage. Some of the occupied orbitals, such as MO 17 (HOMO), MO 15 (HOMO-2), and MO 14 (HOMO-3), have few electrons on the center phosphorus atom (less than 0.10) to make non-bonding orbital structures; this is significant in avoiding repulsion between phosphorus and surrounding atoms, which is a major characteristic of the chemical bond involving the third elements. However, the LUMO has complete anti-bonding orbital character. Therefore, electron transfer into the LUMO should efficiently induce P-H bond cleavage.
To obtain further insight into the interaction between the frontier orbitals and the metal surface, projected density of states (PDOS) profiles of these orbitals in the adsorption states were calculated. Figure 2 shows these profiles with PDOS profiles of the d-and s-band of metal surfaces before adsorption of distorted hypophosphite. We described the band structures of the metal surfaces, focusing on two metal atoms that are adsorption sites for hypophosphite. The Fermi level in these profiles is represented by 0 eV.
Three main points can be elucidated from Fig. 2 .
The first main point is that the energy level of the d-band of the Pd surface is significantly different from that of the Cu surface. The d-band of the Pd surface is quite shallow, covering an area from ¹5 to 3 eV, and contains a vacancy; on the other hand, the d-band of the Cu surface lies in a deeper area from ¹6 to ¹1 eV and contains no vacancy. These values are characteristic of these metal surfaces and are in agreement with other theoretical and experimental studies. 6, 3436 We obtained such an appropriate electronic structure, for we located the nearest neighbor atoms around the adsorption site atoms. Electronic structural differences between Pd and Cu shown here greatly affect how the metal surfaces interact with adsorbates.
The second main point is that the profile of the HOMO of distorted hypophosphite on Pd is different from that on the Cu surface. On the Pd surface, one HOMO peak lies below the Fermi level (³¹4 eV) and the other lies above the Fermi level (³2 eV), whereas on the Cu surface, both peaks lie below the Fermi level. Comparing both HOMO profiles of distorted hypophosphite with the profiles of both metal surfaces, we observed that peaks of the HOMO overlap with peaks of the d-band, which suggests orbital interaction between the HOMO of distorted hypophosphite and the d-band of the Pd surface. In these two HOMO peaks of distorted hypophosphite on each surface, the more stable one should represent a bonding interaction between the HOMO and d-band, and the less stable one should represent an anti-bonding interaction.
The final main point is that the profile of the LUMO shows different behavior between the two metal surfaces. On the Pd surface, the LUMO peak lies below the Fermi level (³¹1 eV), whereas on the Cu surface, the LUMO peak below the Fermi level is barely discernable. Comparing the LUMO profile of distorted Table 2 . This suggests that the MO including the HOMO of distorted hypophosphite and the d-band of Pd with anti-bonding character rises above the Fermi level to become a vacant orbital, and thus the adsorption state becomes more stable. This is one way in which the adsorption of distorted hypophosphite onto Pd is stabilized. Moreover, interaction between the LUMO of distorted hypophosphite and the d-band of Pd below the Fermi level indicates electron back-donation from d-band to LUMO, which was also indicated in Table 2 . This suggests that the MO including the LUMO and Pd d-band with bonding structure descends below the Fermi level to become an occupied orbital, and thus the adsorption state becomes more stable. Furthermore, electron transfer to the LUMO promotes P-H cleavage more effectively. We therefore have discovered a few mechanisms that explain the high stability of distorted hypophosphite and high promotion effect on P-H cleavage on the Pd surface. However, Cu exhibits none of such stabilization mechanisms as seen on the Pd surface. The Cu surface cannot compensate anti-bonding interaction between HOMO and d-band, thereby destabilizing the Cu surface. This represents the most important difference between Pd and Cu in the discussion of P-H bond cleavage.
The differences between adsorptions on two surfaces should mainly derive from the electronic structures of these surfaces, regardless of the hypophosphite adsorption, as shown in Figs. 2(a)  and 2(b) . The d-band of the Pd surface is near the Fermi level and has a vacancy, indicating that the d-band interacts with the LUMO of distorted hypophosphite lying in a much higher energy level and generates an orbital interaction with significant stabilization. More- (2012) over, such d-band can also raise HOMO above the Fermi level. Meanwhile, the d-band of the Cu surface lies within a much deeper energy area, which barely interacts with the upper energy LUMO effectively and interacts with the HOMO at a much deeper energy level. Based on these facts, we can see why distorted hypophosphite on Pd exhibits completely different behavior as compared to the hypophosphite on Cu surface.
To elucidate the role of other occupied MOs of distorted hypophosphite, PDOS profiles of these MOs were also analyzed. Figure 3 shows the profiles focusing on MO 816 (corresponding to HOMO-9HOMO-1), which contain the valence electrons of hypophosphite. Comparing the profiles of Pd with those of Cu, we see that although the plot shapes on the deeper area, e.g., below ¹5 eV, are not different, the plot shapes near the Fermi level are completely different.
When observing this plot shape difference with the PDOS plot of MO14 (HOMO-3), as shown in Fig. 3 , we can see that the whole shape difference is due to MO 14. MO 14 should therefore play some role for stabilizing the adsorption of distorted hypophosphite on the Pd surface. Comparing this figure with Fig. 2 on the Pd surface, the MO 14 should interact with the d-band of the Pd surface and with the LUMO. Figure 4 compares the orbital structure of MO 14 with that of LUMO. In this figure, the area surrounded by darker surface has the opposite orbital phase to the area of brighter surface. Orbital nodes are also shown in this figure, which derive from the overlap between different phase orbitals. We see that MO 14 has similar structure to the LUMO, especially in the · bond between two H atoms (also shown in Table 3 ). Because of this similarity, MO 14 has a strong tendency to interact with the LUMO, thereby overlapping and interacting with both the Pd d-band and the LUMO and enhancing the mixture of d-band and LUMO. The LUMO does not interact with the d-band on its own, but does so by the enhancement effect from MO 14. From this point of view, not only the frontier orbitals but also MO 14 plays significant role in the P-H cleavage mechanism on the Pd surface. Previously, we observed the atomic orbital interaction between hypophosphite ions and the metal surface. 22 In that work, we see completely different interaction styles between adsorption on Pd and on Cu. When the hypophosphite ion adsorbs on Pd, an orbital on H interacts with the d-band to create an anti-bonding interaction with an orbital on P, which induces P-H bond cleavage. Meanwhile, when the hypophosphite ion adsorbs on Cu, the orbital on H cannot make an anti-bonding interaction with an orbital on P because of a lack of effective interaction between the orbital on H and the d-band. These atomic orbital interactions should be derived from the MO mixture involving MO 14, the LUMO, and the d-band.
From the discussion above, we can conclude that distorted hypophosphite should not be stabilized on the Cu surface. To analyze the electronic state of the most stable structure of hypophosphite®as opposed to distorted hypophosphite®adsorbing on Cu, PDOS profiles of the frontier orbitals of hypophosphite optimized on the Cu surface shown in Table 1 were calculated (Fig. 5) . The most important observation in Fig. 5 is that the overlap of the HOMO peak and d-band peak becomes much less significant than the overlap of the two in the case of distorted hypophosphite. This is derived from the anti-bonding interaction between the HOMO of distorted hypophosphite and the d-band, as shown in Fig. 2 ; to avoid such an anti-bonding interaction, hypophosphite can rise vertically from the surface to decrease the degree of overlap between the HOMO and d-band. This is one way in which the significance of the anti-bonding structure between them is confirmed. Because of this interaction mechanism, hypophosphite cannot obtain effective P-H cleavage promotion by the Cu surface. This low P-H cleavage promotion effect is significantly related to the low catalytic activity of Cu on hypophosphite dehydrogenation, which in turn leads to low catalytic activity of Cu on the entire reaction process of hypophosphite oxidation.
The explanation of the mechanism shown above, in which the fundamental electronic structure of metal surface plays the key role, should be applicable to other reaction systems of electroless deposition process. Our future work will analyze the case of alloy or contaminated surface.
Conclusions
To elucidate the origin of catalytic activity of metal surfaces on dehydrogenation of hypophosphite during the electroless deposition process, orbital interactions between adsorbed hypophosphite and both Pd and Cu metal surfaces were analyzed and compared. Electrochemistry, 80(3), 126131 (2012)
Through our analyses, we determined that the position of the d-band of the metal surface is one of the determining factors for how well the catalytic reaction proceeds. On the Pd surface, the d-band lies near the Fermi level and contains a vacancy. Therefore, the d-band promotes electron donation from the HOMO of distorted hypophosphite to the d-band, which reduces repulsion between distorted hypophosphite and the surface. Moreover, the d-band also promotes back-donation from the d-band to the LUMO, which enhances the stabilization of distorted hypophosphite on the surface and promotes P-H cleavage. The back-donation effect is especially supported by MO 14 (HOMO-3) of distorted hypophosphite. On the basis of such electron transfer effects, the Pd surface exhibits high catalytic activity on P-H bond cleavage of hypophosphite ions. Therefore, other metal surfaces with high catalytic activity on dehydrogenation of hypophosphite should have similar mechanisms to the Pd surface.
On the other hand, the d-band of the Cu surface lies in a deep energy region and contains no vacancy, which allows very little electron donation or back-donation to occur, unlike in the case of the Pd surface. Therefore, the Cu surface does not possess a mechanism for reducing the repulsion with hypophosphite and cannot promote P-H cleavage. Consequently, hypophosphite ions adsorb weakly on Cu to avoid repulsion and the Cu surface exhibits little catalytic activity on P-H bond cleavage.
